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CHAPTER I 
INTRODUCTION 
1.1 Hemoglobin Structure & Function 
Human adult hemoglobin (HbA) is a globular oxygen carrying protein which exist as 
a tetramer, consisting of two alpha (a1 & a2) chains and 2 beta chains (P1 & P2) (Embury et 
al., 1994). The alpha chains consist of 141 amino acids and the beta chains consist of 146 
amino acids. a chain has 7 and the P chain has 8 helical segments denoted by the letters A 
through H, with the D helix missing in the a chains. Each chain contains a heme prosthetic 
group composed of a F e2+ -containing protoporphyrin (IX) located within the hydrophobic 
pocket of the EF helices. In its native form, Hb heme iron (in the ferrous form) is covalently 
linked to the globin through the imidazole ring of the histidine residue in the 8th position of 
the F helix (HisF8) on proximal side of the iron, the fifth coordinated position. The sixth 
coordinated position (the distal side of the heme iron) is bound to molecular oxygen (02) to 
give oxygenated Hb ( oxyHb ), and in the deoxygenated ( deoxyHb) form the sixth position 
remains uncoordinated (Embury et al., 1994, Ho et al., 1982, Murayama et. al., 1973). 
1 
2 
1.2 Hemoglobin Oxidative Processes 
Oxidation of the heme iron (Fe2+-tFe3+) results in the formation of ferric hemoglobin 
(metHb). Concomitant to metHb formation is the production of superoxide anions (02•·), 
hydrogen peroxide (H2O2), hydroxyl radicals (HO•), and other highly reactively oxygen 
species, which sometimes leads to abnormal cellular stresses and damage despite the fact that 
RBC are equipped with antioxidant activities to limit oxidative damage within the cell 
(Hebbei 1990; Winterbourn, 1990; Chiu et al., 1989). Further destabilization of the globin 
structure readily converts metHb to reversible and irreversible hemichromes, where the distal 
histidine ( or an external ligand) is coordinated to the sixth position of the ferric iron 
(Harrington et al., 1993). This abnormal coordination of amino acid to the heme iron is 
expected to produce structural changes in the globin of the Hb molecule (Winterboum et al., 
1990). Further denaturation of the Hb molecule leads to choleglobin formation with the 
porphyrin ring hydroxylized or broken open (Winterbourn, 1990). Heme loss from globin 
chains and iron decompartmentalization may also occur in the Hb denaturation pathway 
(Embury et al., 1994; Marva & Hebbel, 1994). Furthermore, excessive hemichrome 
formation is believed to play a role in some of the cellular dysfunctions found in sickle cell 
disease (SCD) (Embury et al., 1994). 
1.3 Sickle Hemoglobin in SCD 
Sickle cell disease is a molecular disorder characterized by a single amino acid 
substitution of glutamic acid for valine at the ~6 position ('1°lu➔VaI j of the hemoglobin 
molecule (HbS) (Himanen et al., 1995; Schechter et al., 1987). HbS is best known for its 
3 
tendency to polymerize at low oxygen tension (Embury et al., 1994), a process which leads 
to cell sickling. Another pathophysiology of sickle cell disease is the excessive amount of 
hemin found on sickle cell membranes (Kuross et al., 1988; Shaklai et al., 1985). A 3- to 5-
fold increase in the hemin content in the hemolysate of fresh red blood cells (RBCs) of 
patients with sickle cell disease compared to normal individuals was reported (Lui et al., 
1988). Hemin build-up on the membranes of sickle cells has been attributed to accelerated 
autoxidation ofHbS (Hebbel, 1991; Hebbel, 1990) which leads to the formation of02•· and 
HO• radicals (Mal et al., 1991; Winterbourn, 1990). In one study, HbS was shown to 
oxidize 1.7 times faster than HbA in buffer containing 100 mM sodium phosphate at pH 7.2 
(Hebbel et al., 1988). Hebbel and co-workers have also shown that sickle RBCs 
spontaneously generate approximately twice the normal amounts of 0 2•·, Hi02 and HO• 
radicals as normal red blood cells (Hebbel et al., 1988; Hebbel et al., 1982). Spontaneous 
HO• radical generation was found to correlate with the amount of membrane-bound 
hemichrome suggesting that hemichrome iron might be directly responsible for HO• radical 
generation (Hebbel & Miller, 1984). HbS also denatures faster at the air-water interface 
compared to HbA and exhibits a 10 times higher mechanical instability (Elbaum et al., 1976; 
Asakura et al., 1974; Asakura et al., 1973). However, it is still unclear whether the 
membrane abnormalities found in sickle RBCs are due to abnormal Hb oxidation, defective 
anti-oxidation system, or instability ofHbS. 
1.4 HbS-Membrane Interactions 
It is believed that Hb interacts with the inner leaflet of the RBC membrane which has 
4 
been shown to have several high, namely band 3, and low affinity binding sites for Hb 
(Waugh et al., 1987; 1986; Waugh & Low, 1985; Walder et al., 1984; Fung et al., 1983; 
Shaklai et al., 1981). The low affinity interaction has been suggested to be the result ofHb 
interaction with the negatively charged inner surface of the RBC, specifically 
phosphatidylserine (PS) (Shaklai et al., 1981). Many have postulated that an electrostatic 
interaction between the HbA and HbS is the first step that leads to membrane and Hb 
interaction (Shiviro et al., 1982; Shaklai et al., 1981; Kimelberg et al., 1976). LaBrake 
& Fung developed a method to monitor Hb oxidation in the presence of lipid vesicles in the 
absence of lipid peroxidation products and demonstrated that lipid surface properties promote 
Hb oxidation (LaBrake & Fung, 1992). Consequently, it was proposed that abnormal 
interactions between Hb and the lipid surface in sickle cell systems might promote the deposit 
of denatured hemoglobin (hemichrome) on the membrane of erythrocytes (Marva & Hebbel, 
1994). However, the lipid-enhanced HbS oxidation experiments were done in buffers at low 
pH and ionic strength (Marva & Hebbel, 1994). We have studied the quantitative effects of 
ionic strength and pH on lipid-enhanced Hb oxidation for both HbA and HbS systems and 
found that HbA and HbS oxidation were similar under conditions similar to physiological pH 
and ionic strength. 
CHAPTER II 
MATERIAL AND METHODS 
2.1 Materials 
Fresh normal RBCs were obtained from a local blood bank. Sickle RBCs were 
obtained from Mt. Sinai Hospital, Chicago, IL. Bovine phosphatidylserine (BPS) was 
purchased from Avanti Polar Lipids (Alabaster, AL}. All other chemicals were purchased 
from Sigma (St. Louis, MO), Aldrich (Milwaukee, WI) or Fisher (Pittsburgh, PA). All 
experimental steps were carried out at 4 °C in acid-washed glassware unless stated otherwise. 
2.2 Hemolysate Preparation 
The RBCs were washed with a 5 mM phosphate buffer containing 150 mM NaCl at 
pH 7.4 (5P150N74), saturated with carbon monoxide (CO}, and then lysed with deionized 
water, followed by ammonium sulphate precipitation. The supernatant was recovered as the 
hemolysate and was desalted by dialysis overnight against CO-gassed 5P150N74. The 
hemolysate, if not used, was frozen and stored or dialyzed against 50 mM Tris buffer 
containing 0.1 mM EDTA at pH 8.3 (50TE83) until needed. 
5 
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2.3 Normal & Sickle Hemoglobin Preparation 
Hemolysate was loaded to DEAE-Sephadex A-50 column (Pharmacia, Piscataway, 
NJ), as described previously (LaBrake & Fung, 1992). 50TE83 and 50 mM Tris, 0.1 mM 
EDTA at pH 7.0 (50TE70) buffers were used to generate linear pH gradients. HbA eluted 
at pH 7.75 or HbS at pH 7.90. This procedure involved the removal of minor Hb 
components, catalase, superoxide dismutase, "adventitious" metals, and other red cell proteins 
(LaBrake & Fung, 1992; Watkins et al., 1985; Winterboum, 1985). HbA and HbS 
preparations were carried out side-by-side with two similar columns and the same batch of 
buffers to ensure similar purity/nnpurity for both samples and thus to provide validity for data 
comparison between HbA and HbS systems. Hb fractions were pooled, concentrated, and 
dialyzed against 35 mM sodium phosphate buffer containing 110 mM NaCl and 2 mM EDTA 
at pH 7.4 (35P110NE74) and CO-gased to give COHb. Catalase activity was checked by 
direct measurement of absorbance at 240 nm as H2O2 was decomposed by catalase (Y. 
Zhang, Ph.D. thesis, 1992). Superoxide activity was measured by a cytochrome C and 
xanthine-xanthine oxidase method as described by LaBrake & Fung (1992). There was no 
detectable catalase and superoxide dismutase activities in samples. HbA and HbS were also 
checked by cellulose acetate electrophoresis (Fung et al., 1983). Pure Hb samples were 
frozen and stored until needed. Prior to each experiment, COHb was converted to 
oxygenated Hb ( oxyHb ). Hemoglobin concentrations were determined spectroscopically at 
wavelength 569 nm for CO-gassed samples using extinction coefficients (e) of 13.4 mM"1 
cm-1 and at 577 nm forO2-gassed samples withe of 15.0 mM-
1 cm -I (Winterbourn, 1985a). 
FerricHb (metHb) content was measured at 630 nm withe of3.63 mM-1 cm-1. Samples with 
7 
detectable metHb were not. 
2.4 Multilamellar Vesicle Preparation (MLVs) 
Thin lipid films were prepared from BPS by purging the chloroform-lipid mixture with 
N2 gas. Lipid films were used immediately or stored for no longer than 24 hrs at -20°C under 
N2 atmosphere. 35Pl 10NE74 buffer was purged with~ and added to lipid films to give 
desired concentrations. The lipid mixture was then vortexed and hand-swirled in the presence 
of glass beads to form :ML Vs. 
2.5 Small Unilamellar Vesicles 
Small unilamellar vesicles (SUVs) were prepared in 35Pl 10NE74 buffer purged with 
N2 as described previously (LaBrake & Fung, 1992). The :MLVs were sonicated in 
35Pl 10NE74 buffer to form small unilamellar vesicles (SUVs), with diameters ranging from 
10-30 nm (LaBrake & Fung, 1992). For each experiment, SUV samples were first dialyzed 
in a specific experimental buffer for 3 hrs prior to the mixing ofHb and SUVs. Absorbance 
values at 700 nm (A700) and quasi-elastic light scattering (QELS, BI-90 particle sizer, 
Brookhaven Instruments, New Haven, CT.) of SUV s were measured before and after dialysis 
to ensure that vesicle size remain constant (LaBrake & Fung, 1992). All phosphate buffers 
contained 3 5 mM phosphate unless noted otherwise. Variation in buffer osmolarities was 
achieved by varying the phosphate or salt (NaCl) concentrations. A second buffer, similar to 
35Pl 10NE74, was prepared by reducing the NaCl concentration to 50 mM (35P50NE74). 
The following buffer contained no NaCl (35P0NE74) and a fourth buffer contained 10 mM 
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phosphate and no NaCl (10P0NE74). The next 6 buffers also consisted of35 mM phosphate 
and 2 mM EDTA but at pH 6.4, with different concentrations ofNaCl, (1) with 110 mM 
NaCl (35Pl 10NE64}, (2) 50 mM NaCl (35P50NE64}, (3) 20 mM NaCl (35P20NE64}, ( 4) 
10 mMNaCl (35P10NE64}, (5) 7 mMNaCl (35P7NE64), or (6) no NaCl (35P0NE64). The 
last 2 phosphate buffers at pH 6.4 contained 2 mM EDTA and no NaCl but with lower 
phosphate concentrations: (1) 20 mM phosphate (20P0NE64) and (2) 10 mM phosphate 
(10P0NE64). The last buffer was a Tris buffer: 10 mM Tris with 5 mM KCl at pH 6.4 
(10T5K64). Osmolalities of each buffer was determined using vapor pressure osmometer 
(Wercor, Model 5500, Logan, UT). The measured osmolalities for buffers containing 35 mM 
phosphate with 110, 50, 20, 10, 7 mM and no NaCl were 245, 150, 103, 92, 87 and 83 
mosmol/k:g, respectively. The osmolality for 1OPONE74 was ~ 51 mosmol/k:g. The osmolality 
for 20P0NE64 was 64 and 51 mosmol/k:g for 10P0NE64. The osmolality for 10T5K64 was 
55 mosmol/k:g (For clarity of buffer condition, see Table 1). 
2.6 Lipid Concentration/Assay 
Lipids were extracted from aqueous phase using the Bligh and Dyer (1959) method 
and phospholipid concentrations of vesicles determined by the method of Stewart (1980). 
Extinction coefficient of 1.99 mg-1cm-1 was used for BPS to determine concentrations 
(LaBrake, Ph.D. Dissertation, 1993). 
2. 7 Lipid Peroxidation 
We have shown that no HO• free radicals or H20 2 were generated during our 
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Table 1 aHPLC-grade water used for buffer preparations and all chemicals were 
reagent grade from Fisher (Pittsburgh, PA), Sigma (St. Louis , Mo), or Aldrich (Milwaukee). 
Numbers in front of "P" and "N" in the buffer names represent the concentrations of 
phosphate and NaCl in the buffer, respectively. Each phosphate buffer contained 2 mM 
EDTA and 35 mM phosphate unless noted otherwise. Osmolalities (mosmol/k:g) were 
measured on a 5500 vapor pressure osmometer in. 
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Table 1: Experimental Buffers Used 
&J3UFFER 6OSMOL. CONTENTS 
(mosmol/kg) 
10P0NE74 51 10 mM phosphate, no NaCl, 2 mM EDTA, pH 7.4 
35P0NE74 85 35 mMphosphate, no NaCl, 2 mMEDTA, pH 7.4 
35P50NE74 150 35 mMphosphate, 50 mMNaCl, 2 mMEDTA,pH 7.4 
35Pl 10NE74 245 35 mM phosphate, 110 mM NaCl, 2 mM EDTA, pH 7.4 
5PONE64 44 5 mM phosphate, no NaCl, 2 mM EDTA, pH 6.4 
I0P0NE64 51 10 mMphosphate,no NaCl, 2 mMEDTA, pH 6.4 
20P0NE64 64 20 mM phosphate, no NaCl, 2 mM EDTA, pH 6.4 
35P0NE64 83 35 mM phosphate, no NaCl, 2 mM EDTA, pH 6.4 
35P7NE64 87 35 mM phosphate, 7 mM NaCl, 2 mM EDTA, pH 6.4 
35PI0NE64 92 35 mM phosphate, 10 mM NaCl, 2 mM EDTA, pH 6.4 
35P20NE64 103 35 mM phosphate, 20 mM NaCl, 2 mM EDTA, pH 6.4 
35P50NE64 150 35 mM phosphate, 50 mM NaCl, 2 mM EDTA, pH 6.4 
35PII0NE64 246 35 mM phosphate, 110 mM NaCl, 2 mM EDTA, pH 6.4 
I0T5K64 55 IO mM Tris, 5 mM KCI, pH 6.4 
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preparation ofSUVs (LaBrake & Fung, 1992). The absorbencies at 230 run (A230) and 215 
run (A215) of lipid samples were measured and the ratio A230 /A215 was used to determine 
conjugated diene values (Klein, 1970). Lipid samples with ratios higher than 0.30 were 
discarded. 
2.8 Hb-SUV Preparation for Experiments 
Prior to each experiment, COHb was converted to oxygenated Hb ( oxyHb) at 4 ° C 
under a flood light and 0 2 atmosphere. Optical spectra of oxyHbA and oxyHbS samples were 
obtained, and samples with detectable reading at 630 run were discarded. It was often 
difficult to obtain usable Hb samples in some of the buffers used, as discussed below. Hb and 
SUV sin appropriate buffer were mixed to give a phospholipid to Hb molar ratio of 100, with 
a final concentration of 6.2 µM (0.4 mg/ml) for Hb and 620 µM (0.5 mg/ml) for 
phospholipids. The PL/Hb ratios were calculated using molecular masses of 64,000 Da for 
Hb and 800 Da for BPS. Vesicle solutions containing no Hb were prepared in the same buffer 
and with the same final lipid concentration as the Hb-SUV samples and used as blanks. Using 
an auto 6-Sampler holder (Beckman), we obtained optical spectra, from 500 to 700 run, of 
HbA-SUV and ofHbS-SUV mixtures in sequence every 2 to 10 min at 37 °C for up to 8 h. 
All experiments were carried out at 37 °C The experiments were carried out in quartz 
curvets. 
2.9 Hb Concentrations in Hb-SUV Mixtures 
The concentrations of oxyHb, metHb and hemichrome in Hb-SUV mixtures at pH 7.4 
buffers (35Pl 10NE74, 35P50NE74, 35P0NE74, and 10P0NE74) at any given time were 
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detennined as before (LaBrake & Fung, 1992; Winterboum, 1985). For pH 6.4 samples, the 
extinction coefficients for metHb were obtained from Assendelft (1975). Since the extinction 
coefficients for metHb in solution varied with pH two different equations were used for 
analysis of concentrations of Hb at pH 7.4 and 6.4. The equation for the calculation of 
micromolar concentrations of oxyHb, metHb, and hemichrome in solution at pH 7.4 was 
obtained from Winterboum (1985) as follows: 
Equation 1: 
[oxyhemoglobin]= 119.As77 - 39A630 - 89.As60 
[methemoglobin]= 28A577 - 307A630 -55A560 
[hemichrome]= -133.As77 - 114A630 - 233A560 
The equation for the calculation of micromolar concentrations of oxyHb, metHb, and 
hemichrome in solution at pH 6.4 was determine as follows: 
Equation 2: 
[oxyhemoglobin)= 119A577 - 21A630 - 92A560 
[methemoglobin]= 26A577 - 278A630 - 51A560 
[hemichrome]= -131A577 - 95A630 - 230A560 
Micromolar concentrations of Hb were converted to mg/ml for experimental convenience. 
2.10 Pseudo First Order Rate Constants for the Disappearance of OxyHb 
Pseudo first order rate constants for the disappearance of oxyHb (k0 )were obtained 
by linear regression of data points from the linear portions of the semilogarithmic plots of 
[oxyHb] (mg/ml) versus time. Linear regression was carried out with Systat Software 
(Systat, Inc., Evanston, IL) or with Origin (Microcal Software, Inc., Northampton, MA). 
The linear portion of the semilogarithmic 
plots of systems under different buffer conditions varied from less than 10 min to larger than 
6 hrs. 
CHAPTERill 
RESULTS 
3.1 Determination of Initial [oxyHb] 
Hb-SUV mixtures were scanned from 500 to 700 run. The time to complete one scan 
was ~ 1 min, thus the first scan of each experiment was obtained approximately 1 min after 
Hb was added to SUV samples. In 5PONE64 buffer, scans obtained 1 min after the addition 
of oxyHbA to SUVs showed significant light scattering, thus complicating the calculation of 
Hb concentrations within the first minute of incubation. Therefore, the first scans in Hb-SUV 
in 5PONE64 buffer were eliminated. The oxyHb concentration at t = 0 ([ oxyHb ]0 ) in Hb-
SUV was determined from two methods. (1) Linear plots of the disappearance of oxyHb vs 
time were used to extrapolate the oxyHb concentration tot= 0. (2) Prior to the addition of 
each experiment, Hb samples contained no detectable metHb, hemichrome or choleglobin. 
Thus, the total Hb concentration ([ totHb]) at any given time [ totHb lt is the sum of [ oxyHb ]i, 
[metHb]t, and [hemichrome]t. Linear plots of the [totHb] vs time were used to extrapolate 
the [totHb] at t = 0 ([totHb]0 ) (See Figure 1). In the absence of oxidized or denatured Hb, 
[totHb]0 should be equal to [oxyHb]0 . A linear plot of the [totHb], [oxyHb], [metHb], and 
[hemichrome] vs time is shown is Figure 1. The best fit lines were drawn through [totHb] 
13 
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Figure 1: The oxyHb concentration at t = 0 ([ oxyHb lJ in Hb-SUV was detennined from 
two methods. (1) Linear plots of the disappearance of oxyHb vs time were used to 
extrapolate the oxyHb concentration to t = 0. (2) Prior to the addition of each experiment, 
Hb samples contained no detectable metHb, hemichrome or choleglobin. Thus, the total Hb 
concentration ([totHb]) at any given time [totHblt is the sum of [oxyHbl, [metHbl, and 
[hemichrome]. [totHbl was used to extrapolate the [totHbl at t = 0 ([totHbl0). In the 
absence of oxidized or denatured Hb, [totHbl0 should be equal to [oxyHbl0 . The best fit lines 
were drawn through [ totHb l ( dotted line) and the linear portion of [ oxyHb l ( solid line) in 
order to extrapolate values for [ oxyHb 10 . [ oxyHb 1 determined from the extrapolation of 
[ totHb l and [ oxyHb l values ( as just described) is represented by [ totHb le and [ oxyHb l, 
respectively. [totHble and [oxyHble values are compared and shown in Table 2 for all buffer 
conditions studied. The differences in [totHb le and [ oxyHb le values was less than 5 %. Thus 
[oxyHble was used as the oxyHb concentration at t = 0. The percent oxyHb, metHb, 
hemichrome, or choleglobin in Hb-SUV mixtures at any given time was determined by 
subtracting the concentrations of the Hb species of interest from [ oxyHb 10 . 
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( dotted line) and the linear portion of [ oxyHb] ( solid line) in order to extrapolate values for 
[oxyHb]0 . [oxyHb]0 determined from the extrapolation of [totHb] and [oxyHb] values (as 
just described) is represented by [totHb]e and [oxyHb]e, respectively. As shown in Table 1, 
the difference between [totHb]e and [oxyHb]e determined under most experimental condition 
was less with 5 %. Thus [oxyHb]e was used as the oxyHb concentration at t = 0. The percent 
oxyHb, metHb, hemichrome, or choleglobin in Hb-SUV mixtures at any given time was 
determined by subtracting the concentrations of the Hb species of interest from [ oxyHb ]0 • 
3.2 Choleglobin Concentration 
The A700 readings were used to follow the formation of choleglobin. However, since 
increase in A700 readings could also be attributed a changes in vesicle size or fusion, 
choleglobin formation was determined by modifications of a method described by (LaBrake 
& Fung, 1992). As discussed by LaBrake & Fung (1992), lighting scattering of vesicle 
solutions resulted in significant spectral absorption in the 500 to 700 nm region. Thus in each 
experiment, the SUV solutions used as blanks were matched in size and phospholipid 
concentration to the SUVs used in the Hb-SUV mixtures. In some instances, an elevation in 
the spectral baseline was observed within the first minute of data collection and was not 
specific to any particular buffer condition used. In the present study, we show that in the 
absence of choleglobin formation, [totHb] remained constant. A decrease in [totHb] was 
interpreted as an increase in choleglobin concentration ([choleglobin]) (which would include 
Hb precipitation}, therefore [choleglobin] is defined as [totHb]e minus [totHb]t· 
A four-component system (hemichrome, oxyHb, metHb, and choleglobin with 
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Table 2 asee Materials and Methods for buffer contents and abbreviations. "Measured 
osmolalities (mosmoJ/kg) for buffer. c.dJne Hb concentrations at t = 0 ([ oxyHb l0 ) determined 
from the linear plots of[totHbl and [oxyHbl by extrapolation of [totHbl and [oxyHbl values 
( as in text and Figure l) to t = 0. Thus [ oxyHb lo determined from extrapolation of [ oxyHb l 
is represented by [oxyHblc and [oxyHbl determined from extrapolation of [totHbl is 
represented here by [totHblc• The difference between [totHblc and [oxyHblc determined 
under most experimental conditions was less than 5 %. Thus [ oxyHb le was used as the 
oxyHb concentration at t = 0. In 5PONE64 buffer, [totHblc values were used as [oxyHbl0 . 
~umber of experiments for HbA & HbS. 
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Table 2: Extrapolated Values of OxyHb Concentrations at t = 0 
Buffer1 Normal/ [oxyHb]/ [totHb]/ ne 
(osmolalityl Sickle (mg/ml) (mg/ml) 
35PllONE74 Normal 0.40±0.06 0.40 ± 0.07 3 
(245) Sickle 0.42±0.03 0.43 ±0.0 
35P50NE74 Normal 0.36±0.02 0.40±0.04 3 
(150) Sickle 0.37 ±0.04 0.40 ± 0.05 
35P0NE74 Normal 0.39±0.08 0.39±0.80 3 
(85) Sickle 0.34±0.04 0.50±0.05 
10PONE74 Normal 0.48±0.03 0.48±0.05 3 
(51) Sickle 0.50±0.06 0.49±0.06 
35PllONE64 Normal 0.41 ±0.02 0.43 ± 0.01 2 
(246) Sickle 0.39±0.05 0.41 ±0.07 
35P50NE64 Normal 0.32±0.05 0.35 ±0.05 4 
(150) Sickle 0.34±0.05 0.37 ±0.05 
35P20NE64 Normal 0.39 0.42 1 
(103) Sickle 0.40 0.43 
35Pl0NE64 Normal 0.36± 0.30 0.37 ± 0.30 4 
(92) Sickle 0.37 ± .030 0.38±0.05 
35P7NE64 Normal 0.36 ±0.01 0.38 ± 0.01 3 
(87) Sickle 0.33 ± 0.01 0.35 ± 0.01 
35P0NE64 Normal 0.32±0.03 0.34±0.03 3 
(83) Sickle 0.33 ±0.02 0.34±0.03 
20P0NE64 Normal 0.38 ±0.01 0.39 ±0.01 3 
(64) Sickle 0.39±0.02 0.37 ±0.04 
10P0NE64 Normal 0.35 ±0.02 0.33 ± 0.01 3 
(51) Sickle 0.30± 0.01 0.30±0.00 
5P0NE64 Normal 0.50± 0.11 0.32±0.07 3 
(44) Sickle 0.53 ±0.01 0.36±0.07 
10T5K64 Normaf 0.37 ± 0.07 0.47 ±0.07 3 
(55) Sickle' 0.35 ±0.03 0.34±0.07 
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absorbance at 560, 577, 630, and 700 nm, respectively) analysis was used to determine 
concentrations of each species in Hb reaction mixtures (LaBrake & Fung, 1992). Data were 
collected and analyzed for the disappearance of oxyHb as a function of time. 
3.3 Effect of Osmolality on OxyHbA Concentration in Hb-SUV 
Mixtures at pH 7.4 
Figure 2 shows a typical absorption spectra of oxyHbA in HbA-SUV solution with 
osmolality of245 mosmol/kg, at 37 °C shortly after mixing with t = 1, 3, 7 and 29 min for 
spectra from top to bottom, respectively. As expected, these spectra were very similar to 
those published earlier (LaBrake & Fung, 1992) since the experimental conditions (such as 
the pH and ionic strength of the buffer, the temperature of the experiments, the type oflipid 
molecules, the curvature of the vesicles, and the molar ratio ofHb and lipid molecules) of 
these two studies were similar. After a 30 min incubation of HbA-SUV mixtures at an 
osmolality of 245 mosmol/kg (pH 7.4), about 80-90 % oxyHbA remained in the buffer 
(Figure 3). Decreasing the osmolality to about 50 mosmol/kg resulted in little change in the 
concentration of oxyHbA in the mixture (Figure 3). 
3.4 Effect of Osmolality on OxyHbA Concentration in Hb-SUV 
Mixtures at pH 6.4 
Decreasing the buffer pH to 6.4 while maintaining the osmolality values above 100 
mosmol/kg also resulted in little change in the concentrations of oxyHbA in SUV solution 
(Figure 3). About 75 - 85 % oxyHbA remained after 30 min incubation. However, when the 
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Figure 2: Spectra from 500 to 700 run of oxyHb (0.40 mg/ml, 0.10 ml) in the presence 
of BPS-SUVs (0.50 mg/ml, 0.10) at 37 °C, pH 7.4 in 35Pll0NE74 (osmolality = 245 
mosmol/kg) for HbA Spectra represents scans obtained (from top to bottom) after -I min, 
3 min, 7 min, and 29 min of incubation time. 
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Figure 3: OxyHbA concentration in HbA-SUV mixtures after a 27 min incubation time 
plotted against buffer osmolality at pH 7.4 (0) & 6.4 (0) in phosphate buffer~ and Tris 
buffer, pH 6.4 (*). Experimental conditions were the same as described for Figure 2. 
Standard deviations are represented as error bars. See Table 3 for further statistical 
information. 
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osmolality values of buffers at pH 6.4 were decreased below 100 mosmol/kg, concentrations 
of oxy HbA in SUV solution decreased drastically (Figure 3). Only about 10 % oxyHbA 
remained in the SUV solutions with osmolality of about 50 mmol/mg. 
3.5 OxyHbA Oxidation in HbA-SUV Mixtures in Tris Buffer, pH 6.4 
We also monitored HbA oxidation in SUVs in a Tris buffer (10T5K64; osmolality = 
55 mosmol/kg) that was used in a previous publication (Marva & Hebbel, 1994). Oxidation 
in this buffer was very similar to that in phosphate buffers with similar osmolality. About 25 
% oxyHbA remained in this buffer after 30 min incubation with SUVs. The mean 
concentration of oxyHbA in Tris buffer was 24.4 ± 32.2 (coefficient of variability= 132 %). 
The standard deviation was much larger than those found in phosphate buffer systems (Figure 
3), probably due to the lack ofEDTA in the Tris buffer to chelate metal contaminants. The 
coefficient of variability in our k0 measurements in phosphate buffer with EDTA was about 
16 % (LaBrake & Fung, 1992). 
3.6 Effect of Osmolality on the Formation of Various Components of 
Oxidized HbA 
In Hb oxidation, oxyHb was converted to different amounts of metHb, hemichrome 
and choleglobin (LaBrake & Fung, 1992; Winterborn, 1985). Thus we also followed the 
concentrations of these oxidized HbA components. 
MetHbA concentrations remained low, about 10 - 20 %, in buffers at pH 7.4 at 
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Figure 4: MetHbA concentration in HbA-SUV mixtures after a 27 min incubation time 
plotted against buffer osmolality at pH 7.4 (0) & 6.4 (0) in phosphate buffer~ and Tris buffer, 
pH 6.4 (*)- Experimental conditions were the same as described for Figure 2. Standard 
deviations are represented as error bars. See Table 3 for further statistical information. 
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Figure 5: Hemichrome A concentration in HbA-SUV mixtures after a 27 min incubation 
time plotted against buffer osmolality at pH 7.4 (~) & 6.4 (.6) in phosphate buffer; and Tris 
buffer, pH 6.4 (*). Experimental conditions were the same as described for Figure 2. 
Standard deviations are represented as error bars. See Table 3 for further statistical 
information. 
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Table 3 aThe percentage of oxyHbA, metHbA, and hemA in HbA-SUV reaction 
mixtures after a 27 min incubation period at 37 °C. Lipid to Hb ration of 100 and all 
condition were same as described in Materials and Methods. hsee Materials and Methods for 
buffer contents and abbreviations or Table 1. 'Measured osmolalities (mosmol/kg) for buffer 
condition. "Number of experimental runs. e percentages are followed by standard deviation 
from the mean. fND means that the concentration of choleglobin was not detectable. 
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Table 3: Concentrations Hb Components in HbA-SUV Reaction Mixtures after 27 
min Incubation Timea 
Buffd' oxyHbA(%) metHbA(%) hemA(%) choleglobin(%) nJ 
( osmolalityt 
35Pl 10NE74 (245) 82.7 ± 5.4 12.1 ± 3.2 5.4 ± 3.5 NDr 3 
35P50NE74 (150) 77.4 ± 4.1 18.6 ± 6.8 3.6± 0.5 ND 3 
35P0NE74 (85) 87.5 ± 1.9 8.6 ± 1.2 2.5 ±0.6 ND 3 
10P0NE74 (51) 90.4 ± 4.5 4.8±4.2 7.9± 1.1 ND 3 
35Pl 10NE64 (246) 75.8 ± 3.6 19.5 ± 4.3 6.7±0.9 ND 2 
35P50NE64 (150) 75.7 ± 5.4 15.1 ± 4.6 11.4 ± 3.2 ND 4 
35P20NE64 (103) 80.5 11.7 8.9 ND 1 
35P10NE64 (92) 74.8 ± 1.7 12.7 ± 0.8 12.4 ± 0.8 ND 4 
35P7NE64 (87) 73.1 ± 2.7 13.5 ± 1.0 13.2 ± 5.3 ND 3 
35P0NE64 (83) 63.1±4.4 17.3±3.1 19.0 ± 2.3 ND 3 
20P0NE64 (64) 53.7 ± 5.0 20.3 ± 1.7 25.3 ± 3.6 ND 4 
10P0NE64 ( 51) . 10.0 ± 5.2 32.3 ± 2.9 56.0± 1.1 1.9 ± 1.8 3 
5P0NE64 ( 44) 0±0 46.3±21.6 52.2 ± 20.9 1.5 ± 0.8 3 
10T5K64 (55) 24.9± 24.9 19.7 ± 7.5 54.3 ± 25.0 0.5 ± 0.8 3 
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all osmolality values studied and in buffers at pH 6.4 with osmolality above 60 mosmol/kg 
(Figure 4). When the osmolality of buffers at pH 6.4 was decreased below 60 mosmol/kg, 
a slight increase in metHb concentrations (about 30 %) was detected. 
Similarly, hemichrome A concentrations were low, about 10 %, in buffers at pH 7.4 
at all osmolality values studied and in buffers at pH 6.4 with osmolality above 100 mosmol/kg 
(Figure 5). When the osmolality in buffers at pH 6.4 was decreased below 100 mosmol/kg, 
increased amounts of hemichrome A were detected. At about 50 mosmol/kg, for both 
phosphate and Tris buffers, about 50 % of the oxyHbA was converted to hemichrome after 
30 min incubation with SUVs. 
Choleglobin was barely detectable after a 30 min incubation with SUVs in all buffers 
used at pH 7.4 and in buffers at pH 6.4 with osmolality higher than 60 mosmol/kg. In buffers 
with osmolalities less than 60 mosmoVkg and at pH 6.4, for both phosphate and Tris buffers, 
about 2 % or less ofHbA was detected as choleglobin (Table 3). 
3.7 Comparison of HbA/HbS Absorption Spectra at Different pH & 
Osmolalities 
Hb-SUV samples were scanned every 2 min from 500 to 700 nm in 35P110NE74 
( osmolality = 245 mosmol/kg) buffer (Figures 6). Figure 6 shows scans obtained for HbA 
and HbS after 1, 7, and 27 min ofincubation time (from top to bottom). Absorption spectra 
ofHbA and HbS at all conditions at pH 7.4, appear to be similar. Absorption 
spectra of HbS in Hb-SUV samples obtained at pH 6.4 at osmolalities greater than 100 
mosmol/kg were also similar to those obtained for HbA (Figure 7). Figure 7 compares 
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Figure 6: Spectra from 500 to 700 nm of oxyHb (0.40 mg/ml, 0.10 ml) in the presence 
of BPS-SUVs (0.50 mg/ml, 0.10) at 37 °C, pH 6.4 in 35Pl 10NE74 (osmolality = 245 
mosmol/kg) for HbA (A) and HbS (B). Spectra represents scans obtained (from-top to 
bottom) after 1 min, 7 min, and 29 min of incubation time. 
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HbA and HbS absorption in 35P110NE64 (osmolality = 246 mosmol/kg). The greatest 
difference in HbA and HbS absorption spectra was seen at an osmolality of 83 and 64 
mosmol/kg (Figure 8 & 9, respectively) where there was nearly a complete lose in A577 within 
~ 30 min for HbS. 
3.8 Comparison of the Effect of Osmolality on oxyHbA and oxyHbS in Hb-
SUV Mixtures at pH 7.4 
At pH 7.4, the differences between HbA and HbS were very small at high and low 
osmolalities. Table 3 & 4 show the concentrations of oxyHb, metHb, and hemichrome in 
Hb-SUV mixtures after a 27 min incubation time for HbA and HbS, respectively. The 
disappearance of oxyHbS in the presence of SUV s appeared to proceed in a manner similar 
to that of oxyHbA in buffers at pH 7.4, regardless of the osmolality values. After 30 min 
incubation, about 80 - 90 % oxyHbS remained (Figure 10). The % oxyHbA and oxyHbS was 
82.7 ± 5.4 (n = 3) and 83.7 ± 4.9 (n = 3), respectively in 35Pl 10NE74, an osmolality of245 
mosmol/kg. At 85 mosmol/kg, the% oxyHbA was 87.5 ± 1.9 (n = 3) and the% oxyHbS 
was 83.6 ± 4.2 (n = 3) and at 51 mosmol/kg, the% oxyHbA was 90.4 ± 4.5 (n = 3) and 86.1 
± 2.3 (n = 3) for oxyHbS. 
3.9 Comparison of the Effect ofOsmolality on OxyHbA and OxyHbS in Hb-
SUV Mixtures at pH 6.4 
In buffers at pH 6.4 with osmolality above 100 mosmol/kg, about 70 - 80 % oxyHbS 
remained, again similar to those detected in HbA systems. However, much less oxyHbS 
remained when the osmolality was decreased to below 100 mosmol/kg. 
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Figure 7: Spectra from 500 to 700 run of oxyHb (0.40 mg/ml, 0.10 ml) in the presence 
of BPS-SUVs (0.50 mg/ml, 0.10) at 37 °C, pH 6.4 in 35Pl 10NE64 (osmolality = 246 
mosmol/kg) for HbA (A) and HbS (B). Spectra represents scans obtained (from top to 
bottom) after 1 min, 7 min, and 29 min of incubation time. 
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Figure 8: Spectra from 500 to 700 nm of oxyHb (0.40 mg/ml, 0.10 ml) in the presence 
of BPS-SUVs (0.50 mg/ml, 0.10) at 37 °C, pH 6.4 in 35P0NE64 (osmolality = 83 
mosmoVkg) for HbA (A) and HbS (B). Spectra represents scans obtained (from top to 
bottom) after 1 min, 7 min, and 29 min of incubation time 
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Figure 9: Spectra from 500 to 700 run of oxyHb (0.40 mg/ml, 0.10 ml) in the presence 
of BPS-SUVs (0.50 mg/ml, 0.10) at 37 °C, pH 6.4 in 20P0NE64 (osmolality = 64 
mosmoVkg) for HbA (A) and HbS (B). Spectra represents scans obtained (from top to 
bottom) after 1 min, 7 min, and 29 min of incubation time. 
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Table 4 aThe percentage of oxyHbS, metHbS, and hems in HbS-SUV reaction 
mixtures after a 27 min incubation period at 37 °C. Lipid to Hb ration of 100 and all 
condition were same as described in Materials and Methods. bSee Materials and Methods for 
buffer contents and abbreviations. 'Measured osmolalities (mosmol/k:g) for buffer condition. 
dNumber of experimental runs. c percentages are followed by standard deviation from the 
mean. fND means choleglobin was not detectable. 
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Table 4: Concentrations ofHb Components in HbS-SUV Reaction Mixtures after 27 
min Incubation Time0 
Buffe? oxyHbS(%) metHbS(%) hemS(%) choleglobin(%) nJ 
(osmolalityt 
3 SP 11ONE74 (245) 83.7 ± 4.9 11.7 ± 2.5 3.9 ± 3.4 NDf 3 
35P50NE74 (150) 80.0 ± 4.7 15.8 ± 6.4 3.6± 0.9 ND 3 
35P0NE74 (85) 83.6 ±4.2 11.2±3.9 2.8 ± 1.3 ND 3 
10P0NE74 (51) 86.1 ± 2.3 8.3 ± 1.2 7.0 ± 1.7 ND 3 
3 SP 11 0NE64 (246) 72.3 ± 2.1 21.9 ± 3.5 7.8 ± 1.1 ND 2 
35P50NE64 (150) 76.6 ± 3.3 15.6 ± 3.9 9.1 ± 1.3 ND 4 
3 5P20NE64 ( 103) 73.5 12.9 14.7 ND 1 
35P10NE64 (92) 50.7 ± 9.5 20.5 ± 5.0 29.6± 5.2 ND 4 
3 5P7NE64 (87) 39.7 ±2.9 25.1 ± 0.9 35.6 ± 1.4 ND 3 
35P0NE64 (83) 11.8 ± 1.7 32.4± 1.7 52.0 ± 2.5 3.8 ±0.6 3 
20P0NE64 (64) 6.8 ±4.6 26.9 ± 2.1 59.6± 1.0 3.5 ± 1.2 4 
10P0NE64 (51) 1.2 ± 2.1 30.9 ± 3.6 64.7 ± 2.7 3.5 ±2.0 3 
5P0NE64 (44) 0±0 44.0 ± 6.4 54.7 ± 9.3 1.8 ± 2.4 3 
10T5K64 (55) 2.8 ± 5.6 21.9 ± 5.6 54.7 ± 12.6 19.9 ± 12.9 3 
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Figure 10: oxyHbS concentration in HbS-SUV mixtures after a 27 min incubation time 
plotted against buffer osmolality at pH 7.4 <•) & 6.4 (e) in phosphate buffer; and Tris 
buffer, pH 6.4 (*). Experimental conditions were the same as described for Figure 2. 
Standard deviations are represented as error bars. OxyHbA concentration plotted against 
buffer osmolality (Figure 3) is present on the same scale as the data for HbS (Inset). See 
Tables 3 & 4 for further statistical information. 
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At 92 mosmol/kg, about 75 % oxyHbA remained, but only about 51 % oxyHbS remained 
(Figure 10). At 64 mosmol/kg, about 54 % oxyHbA remained, but only about 7 % oxyHbS 
remained (Tables 3 & 4). At 51 mosmol/kg, both oxyHbA and oxyHbS levels were quite 
low, about 10 % for oxyHbA and about 1 % for oxyHbS. At 44 mosmol/kg, neither 
oxyHbA nor oxyHbS were detected (Figure 10). Thus, after 30 min incubation, a difference 
in oxyHbA and oxyHbS concentrations was observed only in buffers at pH 6.4 with 
osmolality ranging between 50 to 100 mosmol/kg. 
3.10 Comparison of the Effect of Osmolality on MetHb and Hemichrome 
Formation in Hb-SUV Mixtures of OxyHbA & OxyHbS 
During the oxidation ofHb, oxyHb oxidized primarily into metHb and hemichrome. 
There was very little difference in metHb and hemichrome formation for HbA and HbS under 
all osmolalities studied at pH 7.4. However, changes in buffer osmolality also resulted in 
changes in the amount of metHb and hemichrome formation for both HbA and HbS, 
especially under low osmotic conditions at pH 6.4 (Figures 11-14). There was a difference 
in the formation of metHb and hemichrome for HbA and HbS at osmolality values above 100 
mosmol/kg (Figures 11 & 12). However, below 100 mosmol/kg, hemichrome S formation 
was significantly larger than that observed for HbA (Figures 13 & 14). 
3.11 MetHb & Hemichrome Concentrations in Hb-SUV Mixtures at 
t = 27 min 
The formation of metHbS (Figure 15) and hemichrome S (Figure 16) in SUV 
solutions of different pH and osmolality values (Figure 15) paralleled the disappearance of 
46 
Figure 11: A linear plot [ metHb] and [hemichrome] vs time for HbA ( A, open symbols) 
and HbS (B, closed symbols) in 35Pl 10NE64, an osmolality of246 mosmol/kg, with metHb 
(squares) and hemichrome (triangles). Concentrations presented in mg/ml. Experimental 
conditions were the same as described for Figure 2. Standard deviations are represented as 
error bars. There was very little difference in metHb and hemichrome formation for HbA and 
HbS under high ionic strength conditions. 
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Figure 12: A linear plot [metHb] and [hemichrome] vs time for HbA (A, open symbols) 
and HbS (B, closed symbols) in 35P20NE64, an osmolality of 103 mosmol/kg, with metHb 
(squares) and hemichrome (triangles). Concentrations presented in mg/ml. Experimental 
conditions were the same as described for Figure 2. Standard deviations are represented as 
error bars. MetHb and hemichrome formation for HbA and HbS was quite similar. 
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Figure 13: A linear plot of [metHb] and [hemichrome] vs time for HbA (A, open 
symbols) and HbS (B, closed symbols) in 35P0NE64, an osmolality of83 mosmoJ/kg, with 
metHb (squares) and hemichrome (triangles). Concentrations presented in mg/ml. 
Experimental conditions were the same as described for Figure 2. Standard deviations are 
represented as error bars. There was no change in metHbA and hemichrome A formation. 
However, there was a significant increase in metHbS and hemichrome S formation. 
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Figure 14: A linear plot of[metHb] and [hemichrome] vs time for HbA (A, open symbols) 
and HbS (B, closed symbols) in 20P0NE64, an osmolality of 64 mosmol/kg, with metHb 
(squares) and hemichrome (triangles). Concentrations presented in mg/ml. Experimental 
conditions were the same as described for Figure 2. Standard deviations are represented as 
error bars. There was no change in metHbA and hemichrome A formation. However, a 
significant increase in metHbS and hemichrome S formation was observed. 
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oxyHbS (Figure 10). For all osmolality values studied the metHbS concentration ranged 
from about 5-18 % in buffers at pH 7.4, and in buffers at pH 6.4 with osmolality above 100 
mosmol/kg. Further decreases in the osmolality of buffers to 50 mosmol/kg at pH 6.4 
resulted in an increase metHbS formation to about 30 % (Figure 15). The metHbS 
concentration increased from 12.9 % at an osmolality of 103 mmol/kg to 30.9 ± 3.6 % (n= 
3) at an osmolarity of 51 mmol/kg at pH 6.4. The metHbA concentration increased from 
11.7 % at an osmolarities of 103 mmol/kg to 32.3 ± 2.9 % at an osmolality of 65 mosmol/kg 
(Table 4). There was -38 to 46 % more metHbS than metHbA at osmolality values 
between 92 & 83 mosmol/kg. At 44 mosmol/kg, there was 46.3 ± 21.6 % metHbA and 44.0 
± 6.4 % metHbS formation. 
About 10 % of hemichrome S was detected in buffers at pH 7.4 at all osmolality 
values studied and in buffers at pH 6.4 with osmolalities above 100 mosmol/kg (Figure 16). 
The hemichrome S and hemichrome A concentrations at an osmolality of 103 mosmol/kg 
were 8.9 and 14.9 %, respectively. Further decreases in the osmolality ofbuffers at pH 6.4 
increased hemichrome S formation, as in HbA system. However, higher concentrations of 
hemichrome S were detected at similar osmolalities. As the buffer osmolality was decreased 
form 92 to 65 mosmol/kg, the hemichrome S formation was consistently - 2. 5 times more 
than the hemichrome A formation. At an osmolality of 80 mosmol/kg, about 20 % 
hemichrome A and about 50 % hemichrome S (Figure 16) were detected. At 50 mosmol/kg, 
about 60 % hemichrome A and about 65 % hemichrome S was detected. 
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Figure 15: MetHbS concentration in HbS-SUV mixtures after a 27 min incubation time 
plotted against buffer osmolality at pH 7.4 (II) & 6.4 (■) in phosphate buffer; and Tris buffer, 
pH 6.4 (*). Experimental conditions were the same as described for Figure 2. Standard 
deviations are represented as error bars. See Table 3 for further statistical information. 
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Figure 16: Hemichrome S concentration in HbS-SUV mixtures after a =27 min 
incubation time plotted against buffer osmolality at pH 7.4 (_.) & 6.4 (•)in phqsphate 
buffer; and Tris buffer, pH 6.4 (*)- Experimental conditions were the same as described for 
Figure 2. [hemichrome A] plotted against buffer osmolality (Figure 5) is presented on the 
same scale as the data for HbS (Inset). Standard deviations are represented as error bars. 
See Table 3 for further statistical information. 
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3.12 Pseudo Fint Order Rate Constant for the Disappearance of OxyHb 
Similar to other studies that use the concentration of oxyHb at a certain time to 
indicate the extend ofHb oxidation (Szebeni, 1984; Minetti et al., 1993; Shaleva and Hebbel, 
1996), we presented the concentrations after 30 min incubation in Figures 3 and 10. 
However, a more quantitative parameter is the pseudo first order rate constant ~ (Sugawara 
et al., 1993; LaBrake & Fung, 1992; Zhang et al., 1991 ). The rate constants are obtained 
from a set of time points, rather than a single time point, and thus are more reliable 
experimental parameters for comparison of oxidation between different systems. 
Furthermore, the determination of the pseudo first order rate constant k0 values provides 
oxidation properties of the entire time period where first order kinetics apply. 
For the initial disappearance of oxyHb, the k0 values were obtained from linear 
regression of semilogarithmic plots of [ oxyHb] versus time. The reliability of k0 values 
depended, in part, on the number of data points obtained within the linear region in the plots. 
When the linear portion of the semilogarithmic plots occurred over a very short period of 
time, the number of data points obtained in this linear range was sometimes limited by how 
fast each data point could be obtained. The time to obtain one absorption spectra over a 500 
to 700 nm range took ~ 2 min. Since the linear portion for HbS at an osmolality of 51 
mosmoVk:g was ~ 7 min, only 3-4 data points could be obtained over this short time period. 
Generally, the linear portions were longer than 6 hours for both HbA and HbS systems in all 
buffers at pH 7.4, but less than 15 min for osmolality values less than 87 mosmol/k:g for HbS 
and less than 64 mosmol/k:g for HbA at pH 6.4. It was generally difficult for us to make 
reliable k0 measurements of systems with shorter linear portion (faster oxidation) than of 
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systems with longer linear portion (slower oxidation). 
To obtain k0 values with similar reliability for systems with different oxidation rates 
we used shorter time periods for systems with slower oxidation, instead of using the data 
points obtained within the entire linear period, as before (LaBrake & Fung, 1992). Since the 
linear portions of most systems in buffers studied (all systems except those ofHbS in buffers 
at pH 6.4 with osmolality values less than 87 mosmol/kg and less than 64 mosmol/kg for 
HbA) were longer than 30 min, we first obtained k0 values for a 30 min time period and then 
for the entire linear period in these systems for comparison. 
For HbA-SUV systems in buffer at pH 7.4 and 245 mosmol/kg osmolality we found 
that the~ value were 0.12 h-1 (r2 = 0.98) using data points in the first 30 min portion (Figure 
17B) and a very similar value (0.12 h-1; r2 = 0.98) with data points obtained during the entire 
linear portion ( 6 hr) (Figure 17 A). Similarly, for HbS-SUV system, we obtained a k0 of 
0.09 h-1 (r2 = 0.96) from data points obtained from the first 30 min and 0.11 h-1 (r2 = 0.98) 
(Figure 18B) for data points from 6 hr (Figure 18A). These results demonstrated that our 
k0 values obtained over a shorter period, rather than the entire linear portion, were also 
reliable. Thus for comparison ofHbA and HbS systems in different buffers, we used k0 values 
obtained from data points taken within the first 30 min for systems in buffers at pH 7.4 & 6.5 
at all osmolality values except at an osmolality values less than 64 mosmol/kg for HbA and 
greater than 83 mosmol/kg for HbS. As shown in Figure 19, the mean k0 value for HbA 
~(HbA)) and HbS ~(HbS)) in 35Pl 10NE74, an osmolality of 245 mosmol/kg, were 0.15 
± 0.04 h-1 (n = 3) and 0.15 ± 0.05 h-1 (n = 3), respectively. Decreasing the osmolality to 85 
mosmol/kg resulted in~ values of 0.13 ± 0.02 h-1 (n=3) for HbS and 0.17 ± 0.02 h-1 (n=3) 
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Figure 17: Semilogarithmic plots of the disappearance of oxyHbA as a function of time 
in 35Pl 10NE74 over a period of 8 hr (A) and 30 min (B). Experimental conditions were 
the same as described in Figure 2. Solid line represents the linear fits of the linear portion of 
the data points. (A) ~(HbA) values were determined from the slope of data points collected 
within the~ 6 hrs in 35Pl 10NE74 hrs. ~(HbA) fort=~ 6 hrs was 0.12 h"1 (r2 = 0.98). (B) 
~ values for HbA determine for data collected within the first 30 min were quite similar to 
those obtained over the entire linear range. ko(HbA) fort = 30 min was also 0.12 h"1 (r2 = 
0.98). r2 is the correlation coefficients for the linear fits for k0 (HbA). 
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Figure 18: Semilogarithmic plots of the disappearance of oxyHbS as a function of time 
in 35Pl 10NE74 over a period of 8 hr (A) and 30 min (B). Experimental conditions were 
the same as described in Figure 2. Solid line represents the linear fits of the linear portion of 
the data points. (A) ~(HbS) values were determined from the slope of data points collected 
within the~ 6 hrs in 35Pl 10NE74 hrs, as described for HbA. ko(HbS) fort=~ 6 hrs was 
0.11 h"1 (r2 = 0.98). (B) k0 values for HbS determine for data collected within the first 30 
min were also similar to those obtained over the entire linear range. ko(HbS) fort= 30 min 
was also 0.09 h"1 (r2 = 0.96). r2 is the correlation coefficients for the linear fits for ko(HbS). 
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for HbA (Figure 20 & Table 5). Data for the semilogarithmic plots for HbA and were 
presented on similar scales to allow a better comparison between results obtained under 
various conditions at pH 7.4 & 6.4. 
Figures 23-27 compares the psuedo first order rate constant plots for HbA and HbS 
under different osmolalities. At an osmolality of 246 mosmol/kg at pH 6.4, the 
semilogarithmic plots for the disappearance of oxyHbA and oxyHbS were similar, ko(HbA) 
of 0.21 ± 0.03 h-1 and ko(HbS) of0.22 ± 0.02 li1 (Figure 21). k0 values were also similar 
at osmolalities as low as 100 mosmol/kg at pH 6.4 as demonstrated in Figures 22 & 23. At 
an osmolality of 150 mosmol/kg, ~(HbA) was 0.14 ± 0.02 h-1 (n = 4) and ko(HbS) was 0.14 
± 0.01 h-1 (n = 4) (Figure 22). k0 for HbA and HbS at an osmolality of 103 mmol/kg were 
0.14 h-1 and 0.23, respectively (Figure 23). Decreasing the buffer osmolality to 92 
mosomol/kg resulted in ko(HbS) values that were more than twice the ko(HbA) values. At 
92 mosomol/kg, ~(HbA) was 0.23 ± 0.04 h"1 (n = 4) and ~(HbS) was 0.50 ± 0.05 h" 1 (n 
= 4) (Figure 24). At 87 mosmol/kg, k0 (HbA) was 0.21 ± 0.04 h"1 (n = 3) and k0 (HbS) was 
0.83 ± 0.06 h"1 (n = 3) (Figure 25). As buffer osmolality was decreased to 83 and 64 
mosmol/kg, the time period for the linear portion was only about 15 min for HbS (Figures 26 
& 27). Thus ~ values for HbA system were obtained from data points taken within the first 
30 min for HbA and 15 min for HbS. At 83 mosmol/kg the mean k0 for HbA was 0.33 ± 
0.06 h ·1; r 2 = 0.99 and the mean k0 for HbS was 1.47 ± 0.15 h -I; r2 = 0.99 (Figure 26). 
The k0 for HbA was 0.57 ± 0.08 h ·1; r 2 = 0.99) and the mean k0 for HbS was 3.9 ± 1.2 h"1; 
r2 = 0.99 at 64 mosmol/kg (Figure 27). For systems with osmolality values less than or equal 
to 51 mosmol/kg, rate constants were obtained from data points taken within the first 15 min 
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Figure 19: Semilogarithmic plot of the disappearance of oxyHbA (0) and oxyHbS (e) 
as a function of time in 35Pl 10NE74 buffer, 245 mosmol/kg. Experimental conditions were 
the same as described in Figure 2. Solid line (HbS) and dotted line {HbA) represents the 
linear fits of the linear portion of the data points. k0 values were determined from the slope 
of data points collected within ~ 30 min. r2 is the correlation coefficients for the linear fits. 
~(HbA) was 0.15 ± 0.04 h"1 (r2 = 0.94) and· k0(HbS) was 0.15 ± 0.05 h"1 (r2 = 0.97). See 
Table 5 for further statistical information. 
0.5 
0.4 
0.3 
..-.. 
-E 
--C) 
E 
.._.. 0.2 
:c' 
:c 
...., 
35P110NE74 
245 mosmol/kg 
0.1-f--------------------------------,.---1 
0.0 0.1 0.2 0.3 0.4 0.5 
Time (h) 
0\ 
....J 
68 
Figure 20: Semilogarithmic plot of the disappearance of oxyHbA (0) and oxyHbS (e) 
as a function of time in 35P0NE74 buffer, 85 mosmol/kg. Experimental conditions were the 
same as described in Figure 2. Solid line (HbS) and dotted line (HbA) represents the linear 
fits of the linear portion of the data points. k0 values were determined from the slope of data 
points collected within ~ 30 min. r2 is the correlation coefficients for the linear fits. 
~(HbA) was 0.13 ± 0.02 h-1 (r2 = 0.97) and ~(HbS) was 0.17 ± 0.02 h-1 (r2 = 0.98). See 
Table 5 for further statistical information. 
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Table 5 °Rate constants for the initial disappearance of oxyHb were obtained from 
linear regressions of the linear portions of the logarithmic plots of HbA and HbS 
concentrations (%) versus time. All experiments carried out a 3 7 ° C with Lipid/Hb of 100 
(See Materials and Methods for further details). hsee Materials and Methods for buffer 
contents and abbreviations. ~easured osmolalities (mosmol/kg) for buffer condition. 
c\(HbA) and k(HbS) are the average psuedo first-order rate constants (for n experiments) for 
the initial disappearance of oxyHbA and oxyHbS, respectively. estandard deviation from the 
mean. I Correlation coefficient. 8Ratios of HbS and HbA rate of oxidation. h Number of 
experimental runs. ~ean of3 data sets {n=3 for HbA only). iMean of 5 data sets (n=S for 
HbS only) 
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Table 5: HbA and HbS Psuedo First-order Rate Constants for the Disappearance 
of OxyHb0 
BUFFER6 ~(HbAt ± so• (h"1), r1/" ~(HbS) ± SD {h"1), r2 k(HbS)/k(HbA) ± SD' nh 
(osmolality)c 
35Pl 10NE74 0.15 ± 0.04, 0.94 0.15 ± 0.05, 0.97 0.97 ± 0.19 3 
(245) 
35P50NE74 0.15 ± 0.06, 0.99 0.14 ± 0.07, 0.97 0.92 ± 0.08 3 
(150) 
35P0NE74 0.13 ± 0.02, 0.97 0.17 ± 0.02, 0.98 1.25 ± 0.03 3 
(85) 
10P0NE74 0.12 ± 0.02, 0.92 0.18 ± 0.06, 0.91 1.50 ± 0.31 3 
(51) 
35Pl 10NE64 0.21 ± 0.03, 0.98 0.22 ± 0.02, 0.97 1.11 ± 0.27 2 
(246) 
35P50NE64 0.14 ± 0.02, 0.97 0.14 ± 0.01, 0.97 1.06±0.08 4 
(150) 
35P20NE64 0.14, 1.00 0.23, 0.99 1.66 1 
(103) 
35Pl0NE64 0.23 ± 0.04, 0.99 0.50 ± 0.05, 0.99 2.29 ± 0.75 3 
(92) 
35P7NE64 0.21 ± 0.04, 0.98 0.83 ± 0.06, 0.99 3.98 ± 0.46 3 
(87) 
35P0NE64 0.33 ± 0.06, 0.99 1.47 ± 0.15, 0.99 4.50± 0.72 6 
(83) 
20P0NE64 0.57 ± 0.08, 0.99 3.90 ± 1.20, 0.99 6.85 ± 2.01 3 
(64) 
10P0NE64 2.90 ± 0.50, 0.98 9.80 ± 2.40, 0.94 3.34 ± 0.46 3 
(51) 
12.73 ± 3.20, 0.98i 5P0NE64 18.50 ± 1. 10, 0.99 1.27 ± 0.02 2 
(44) 
T5K64 1.80 ± 1.70, 0.98 9.90 ± 3.70, 0.9-P 10.90± 8.77 3 
(55) 
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Figure 21: Semilogarithmic plot of the disappearance of oxyHbA (0) and oxyHbS (e) 
as a function of time in 35Pl 10NE64 buffer, 246 mosmol/kg. Experimental conditions were 
the same as described in Figure 2. Solid line (HbS) and dotted line (HbA) represents the 
linear fits of the linear portion of the data points. k0 values were determined from the slope 
of data points collected within 30 min. r2 is the correlation coefficients for the linear fits. 
k0 (HbA) was 0.21 ± 0.03 h-1 (r2 = 0.98) and ~(HbS) was 0.22 ± 0.02 h-1 (r2 = 0.97). See 
Table 5 for further statistical information. 
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Figure 22: Semilogarithmic plot of the disappearance of oxyHbA (0) and oxyHbS (e) 
as a function of time in 35P50NE64 buffer, 150 mosmol/kg. Experimental conditions were 
the same as described in Figure 2. Solid line (HbS) and dotted line (HbA) represents the 
linear fits of the linear portion of the data points. k0 values were determined from the slope 
of data points collected within 30 min. r2 is the correlation coefficients for the linear fits. 
~(HbA) was 0.14 ± 0.02 h"1 (r2 = 0.94) and ~(HbS) was 0.14 ± 0.01 h"1 (r2 = 0.97). See 
Table 5 for further statistical information. 
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Figure 23: Semilogarithmic plot of the disappearance of oxyHbA (0) and oxyHbS (e) 
as a function of time in 35P20NE64 buffer, 103 mosmol/kg. Experimental conditions were 
the same as described in Figure 2. Solid line (HbS) and dotted line (HbA) represents the 
linear fits of the linear portion of the data points. ~ values were determined from the slope 
of data points collected within 30 min. r2 is the correlation coefficients for the linear fits. 
k0 (HbA) was 0.14 h"1 (r2 = 1.00) and ~ (HbS) was 0.23 h1 (t = 0.99). See Table 5 for 
further statistical information. 
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Figure 24: Semilogarithmic plot of the disappearance of oxyHbA (0) and oxyHbS (e) 
as a function of time in 35PlONE64 buffer, 92 mosmol/kg. Experimental conditions were 
the same as described in Figure 2. Solid line (HbS) and dotted line (HbA) represents the 
linear fits of the linear portion of the data points. k0 values were determined from the slope 
of data points collected within 30 min. r2 is the correlation coefficients for the linear fits. 
~(HbA) was 0.23 ± 0.04 h"1 (r2 = 0.99) and k0 (HbS) was 0.50 ± 0.05 h"1 (r2 = 0.99). See 
Table 5 for further statistical information. 
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Figure 25: Semilogarithmic plot of the disappearance of oxyHbA (0) and oxyHbS (e) 
as a function of time in 35P7NE64 buffer, 87 mosmol/kg. Experimental conditions were the 
same as described in Figure 2. Solid line (HbS) and dotted line (HbA) represents the linear 
fits of the linear portion of the data points. k0 values were determined from the slope of data 
points collected within 30 min. r2 is the correlation coefficients for the linear fits. k0 (HbA) 
was 0.21 ± 0.04 h"1 (r2 = 0.98) and k0 (HbS) was 0.83 ± 0.06 tl (i- = 0.99). ~ (HbS) is 
nearly 4 times faster than k0 (HbA). See Table 5 for further statistical information. 
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Figure 26: Semilogarithmic plot of the disappearance of oxyHbA (0) and oxyHbS (e) 
as a function of time in 35P0NE64 buffer, 83 mosmol/kg. Experimental conditions were the 
same as described in Figure 2. Solid line (HbS) and dotted line {HbA) represents the-linear 
fits of the linear portion of the data points. k0 values were determined from the slope of data 
points collected within 30 min for HbA and 15 min for HbS. r2 is the correlation coefficients 
for the linear fits. ~{HbA) was 0.33 ± 0.06 h-1 (r2 = 0.99) and k0(HbS) was 1.47 ± 0.15 h-1 (r2 = 0.99). See Table 5 for further statistical information. 
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Figure 27: Semilogarithmic plot of the disappearance of oxyHbA (0) and oxyHbS (e) 
as a function of time in 20P0NE64 buffer, 64 mosmol/kg. Experimental conditions were the 
same as described in Figure 2. Solid line (HbS) and dotted line (HbA) represents the linear 
fits of the linear portion of the data points. k0 values were determined from the slope of data 
points collected within 30 min for HbA and 15 min for HbS. r2 is the correlation coefficients 
for the linear fits. ~(HbA) was 0.57 ± 0.08 h"1 (r2 = 0.99) and k0 (HbS) was 3 .90 ± 1.20 h"1 (r2 = 0.99). See Table 5 for further statistical information. 
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for HbA, but within the first 7 min for HbS (Figures 28 & 29). At 51 mosmol/kg, ko(HbA) 
was 2.9 ± 3.2 h-1 (n = 3) and ko(HbS) was 9.8 ± 2.4 -Ji (n = 3) (Figure 28) .. At 44 
mosmol/kg, ko(HbA) was 12. 7 ± 3 .2 h-1 (n = 3) and ~ (HbS) was 18.5 ± 1.1 0 li1 (n = 3) 
(Figure 29). The mean k0 values of these systems of fast oxidation exhibited standard 
deviations larger than those with slower oxidation (Table 5). The coefficient of variability 
was about 30 % for the fast oxidation as compared with the 14 - 16 % obtained for slower 
oxidation in this work and in previous studies (LaBrake & Fung, 1992). This was also the 
case for system in Tris buffer at pH 6.4 and low osmolality (10T5K64) (Figure 30). 
3.13 Summary ofHbA/HbS Oxidation in Hb-SUV Mixtures 
In summary,~ values for systems at pH of7.4 and 6.4 with osmolality larger than 83 
mosmol/kg exhibited similar reliability. The k0 values for systems in buffers at pH 6.4 with 
osmolality lower than 83 mosmol/kg were relatively less reliable than those at higher 
osmolality. However, this allowed us to compare our results obtained for HbA and HbS at 
different osmolality and pH values and with the published data in 1 0T5K64 (Marva & Hebbel, 
1994). 
Figure 31 demonstrates the pH and osmolality dependence of the k0 values for both 
HbA-SUV and HbS-SUV systems. The k0 values for the two systems in buffers at pH 7.4 
with osmolality ranging between about 250 and 50 mosmol/kg were similar, about 0.15 h-1. 
At pH 6.4, the~ values were slightly higher, about 0.21 h-1 for both HbA and HbS systems 
with osmolality above 100 mosmol/kg. However, the k0 values increased rapidly as the 
osmolality decreased below 100 mosmol/kg. At 87 mosmol/kg, the mean k0 value ~ 0.21 
87 
Figure 28: Semilogarithmic plot of the disappearance of oxyHbA (0) and oxyHbS (e) 
as a function of time in 10P0NE64 buffer, 51 mosmol/kg. Experimental conditions were the 
same as described in Figure 2. Solid line (HbS) and dotted line (HbA) represents the· linear 
fits of the linear portion of the data points. k0 values were determined from the slope of data 
points collected within 15 min for HbA and 7 min for HbS. r2 is the correlation coefficients 
for the linear fits. ~(HbA) was 2.90 ± 0.50 h"1 (r2 = 0.98) and k0 (HbS) was 9.80 ± 2.40 h"1 (r2 = 0.94). See Table 5 for further statistical information. 
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Figure 29: Semilogarithmic plot of the disappearance of oxyHbA (0) and oxyHbS (e) 
as a function of time in 5P0NE64 buffer, 44 mosmol/kg. Experimental conditions were the 
same as described in Figure 2. Solid line (HbS) and dotted line (HbA) represents the linear 
fits of the linear portion of the data points. k0 values were determined from the slope of data 
points collected within 15 min for HbA and 7 min for HbS. r2 is the correlation coefficients 
for the linear fits. ~(HbA) was 12.73 ± 3.20 h-1 (r2 = 0.98) and k0(HbS) was 18.50 ± 1.10 
h-1 (r2 = 0.99). Rates obtained under these conditions were extremely fast for HbA and HbS, 
thus complicating data analysis. See Table 5 for further statistical data. 
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Figure 30: Semilogarithmic plot of the disappearance of oxyHbA (0) and oxyHbS (e) 
as a function of time in 10T5K64 buffer, 55 mosmol/kg. Experimental conditions were the 
same as described in Figure 2. Solid line (HbS) and dotted line (HbA) represents the linear 
fits of the linear portion of the data points. ~ values were determined from the slope of data 
points collected within 15 min for HbA and 7 min for HbS. r2 is the correlation coefficients 
for the linear fits. ~(HbA) was 1.80 ± 1.70 h"1 (r2 = 0.98) and k0 (HbS) was 9.90 ± 3.70 h"1 (r2 = 0.97). k0 (HbS) was nearly 11 times faster than kc,(HbA) in Tris buffer, pH 6.4. See 
Table 5 for further statistical information. 
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(n=3) for HbA-SUV system (Figure 31 top) and~ 0.83 h"1 (n=3) for HbS-SUV system (Fig 
6 bottom). At osmolality of 51 mosmol/kg, the mean k0 value ~ 2.9 h·1 for HbA.:.SUV 
system, but~ 9.8 h·1 for HbS-SUV system. In Tris buffer with osmolality of 55 mosmol/kg, 
the mean k0 value was 1.8 ± 1.7 h·1 for HbA-SUV system, and 9.9 ± 3.7 h·1 for HbS-SUV 
system. As discussed earlier, the data reproducibility in Tris buffer was poor. The standard 
deviation values were usually larger than those obtained in phosphate buffers with similar 
osmolality. 
3.14 Extensive Oxidation in HbA and HbS Systems in the Presence of SUVs 
We had also followed the oxidation beyond the linear region, in some cases to where 
little oxyHb were detected. The systems at this point consisted mostly of metHb and 
hemichrome. For HbA and HbS systems in buffers at pH 7.4 with osmolality of 245 
mosmol/kg, very similar amounts of metHb and hemichrome were detected during the entire 
8 h period (Figure 32A). At t = 6 - 8 h, about 68 % of Hb were detected as metHbA and 
about 61 % as metHbS. At t = 6 h, about 33 % were detected as hemichrome A and about 
28 % as hemichrome S. At 8 h, about 45 % were detected as hemichrome A and about 39 
% as hemichrome S (Figure 32A). As we decreased the osmolality of the buffers at pH 7.4 
to about 83 mosmol/kg, the initial oxidations in HbA and HbS systems were similar with 
similar~ values, as discussed earlier and as shown in Figure 32B with t < 2 h. However, as 
oxidation continued, the amount of metHb and hemichrome in the HbA and HbS systems 
differed. Less metHbS than metHbA were detected (at t = 4 h, about 59 % as metHbA and 
about 46 % as metHbS; at t = 8 h, about 55 % as metHbA and about 34 % as metHbS). 
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Figure 31: ~(HbA) (top, 0) and ~(HbS) (bottom, e) plotted against buffer osmolality 
at pH 7.4 (large symbols) and 6.4 (small symbols). Inset for the ko(HbA) (top) and ko(HbS) 
plots are expansions of they axis from 0.1 to 0.4 (for HbA, top) and Oto 1.8 (for'HbS, 
bottom) which clearly shows data points collected between 75 and 100 mosmol/kg. 
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Figure 32: Linear plots of formation of metHb & hemichrome concentrations vs time 
for HbA (open symbols) and HbS (closed symbols) at (A) 245 mosmoVkg, pH 7.4, (B) 85 
mosmoVkg, pH 7.4, and (C) 83 mosmoVkg, pH 6.4. MetHb and hemichrome formation over 
a period of8 hrs was similar for both HbA and HbS in at 245 mosmoVkg, pH 7.4 (A), but 
became quite different under lower osmolality after about 2 hrs, 85 mosmoVkg, pH 7.4 (B). 
However at pH 6.4 and osmolality of83 mosomoVkg, metHbS and hemichrome S formation 
was significantly different from metHbA and hemichrome A formation within the first 3 0 min. 
Experimental conditions were the same as described for Figure 2. 
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More hemichrome S than hemichrome A were detected (at t = 4 h, about 25 % as 
hemichrome A and about 41 % as hemichrome S; at t = 8 h, about 61 % as hemichrome A 
and 81 % as hemichrome S). 
At pH 6.4 with the same low osmolality (85 mosmol/kg), the oxidation proceeded 
much faster than similar systems at pH 7. 4. HbS proceeded much faster than HbA systems, 
with larger amounts of metHbS and hemichrome S than metHbA and hemichrome A, 
respectively, even during the initial, linear period of oxidation (at t = 7 min, about 8 % as 
metHbA and about 15 % as metHbS; about 9 % as hemichrome A and about 17 % as 
hemichrome S). The differences were amplified after longer time periods (at t = 25 min, 
about 18 % as metHbA and about 34 % as metHbS; about 17 % as hemichrome A and about 
52 % as hemichrome S) (Figure 32C). 
CHAPTERIV 
DISCUSSION 
Hb oxidation using purified Hb in buffer systems have been investigated extensively 
(Dong et al, 1995; Embury et al., 1994; Winterboum, 1985a; Caughey and Watkins, 1985; 
Misra & Fridovich, 1972; Weiss, 1964). Although the exact mechanism for heme oxidation 
in Hb or myoglobin is not clear (Shalev & Hebbel, 1996; Whitaker et al., 1995; Marva & 
Hebbel, 1994; Mal & Chatterjee, 1991; Shikama, 1990; Shikama, 1984; Watkins et al., 1985) 
quantitative studies have demonstrated that Hb autoxidation may involve heme deoxygenation 
prior to electron transfer (Wallace et al., 1982), and is mediated by protons, and enhanced by 
anions (Sugawara et al., 1993; Satoh et al., 1981; Wallace et al., 1974). For example, rate 
constants of0.047 h-1 at pH 6.90 and 0.069 h-1 at pH 6.55 were reported (Sagawara et al., 
1993). Most of these studies were carried out in the absence of membrane components, 
whereas in vivo Hb oxidation occurs in an environment enclosed by cell membranes. We have 
shown that lipid vesicles enhanced Hb oxidation with k0 and other rate constants depended 
linearly on lipid-to-hemoglobin molar ratio and on vesicle curvatures (LaBrake & Fung, 
1992). k0 was about 0.20 h-1 at the lipid-to-hemoglobin molar ratio of 100 used in this study. 
We suggest that the lipid surface properties, including surface curvature, surface energy and 
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hydrophobicity, promote hemoglobin oxidation. These findings appear to form the bases for 
an hypothesis that abnormal interaction between HbS and erythrocyte membrane lipid 
promote deposition of denatured Hb on the cell membrane (Marva & Hebbel, 1994). Marva 
and Hebbel indicated that, in the presence of phosphatidylserine liposomes, HbS to exhibit a 
3.4-fold faster oxidation than HbA In the absence of phosphatidylserine liposomes HbS only 
exhibits 1.7-fold faster oxidation than for HbA (Hebbel et al., 1988). Thus the results of 
HbS/HbA oxidation in the presence of lipid vesicles provide explanation toward sickle disease 
pathophysiology and on mechanisms of hemichrome formation in cells (Marva & Hebbel, 
1994). However, these studies were carried out in buffers at low pH and low salt 
concentrations. A buffer containing 10 mM Tris with 5 mM KCI at pH 6.5 was used (Marva 
& Hebbel, 1994). In our hands, this Tris buffer exhibited an osmolality of 55 mosmol/kg. 
Thus the experiments were done under conditions quite different from physiological 
conditions. 
In our studies, we varied the pH and salt concentrations in our systems to cover a 
wide range of conditions, from near physiological conditions to low salt and low pH 
conditions, and measured the lipid vesicle enhanced Hb oxidation in these buffers. Hb 
oxidation results were then presented in two ways -- one way in terms of percent oxyHb 
remained after 30 min incubation, a method used in many similar studies, to allow comparison 
of our results with literature values, and the second way in terms of a more quantitative 
parameter, a pseudo first order rate constant k0 to provide kinetic insights into Hb oxidation. 
With both ways of presenting the results, our studies showed that lipid enhanced oxidation 
in HbA and in HbS systems were similar in buffers at pH 7. 4, and remained unchanged over 
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a wide range of osmolality, from a value similar to isotonic conditions to a low value of 50 
mosmol/kg. Decreasing the pH to 6.4 while holding the osmolality value to above 100 
mosmol/kg increased the oxidation rates only very slightly. More importantly, under these 
conditions, HbA and HbS systems again exhibited similar oxidation behavior. However, when 
the osmolality values dropped below 100 mosmol/kg at pH 6.4, faster oxidation in HbS 
systems than in HbA systems was observed. 
It is interesting to note that, in the study of Hb molecules interacting with erythrocyte 
membrane surface, our earlier studies show that the dissociation constants for Hb - membrane 
complexes were 2.8 x 10-5 M for HbA and 1.3 x 10·5 M for HbS at pH 7.4, but the interaction 
increased at pH 6.7 with the dissociation constants being 1.1 x 10-5 M for HbA and 0.83 x 
10·5 M for HbS (Fung et al., 1983). It was also found that at pH 6.0 and in the absence of 
NaCl, HbS binds to erythrocyte membranes with higher affinity than HbA; however, no 
binding was observed in the presence ofNaCl (Shal<lai et al., 1981). Since we suggested that 
the surface energy and hydrophobicity of lipid surface promote hemoglobin oxidation 
(LaBrake & Fung, 1992), we believe that the low pH and ionic strength conditions promote 
Hb - lipid surface affinity in both HbA and HbS systems. The difference in oxidation 
observed in HbS and HbA under these non-physiological conditions may be due to the 
difference in surface properties ofHbS ( Fronticelli, 1978; Elbaum et al., 1976; Fung et al., 
1975). Earlier NMR studies of the aromatic regions of the oxy- and carboxy-HbA and -HbS 
molecules have shown that some of the surface histidine residues have different local 
conformations in HbA and HbS and these local conformations are pH and ionic strength 
dependent (Fung et al., 1975). Surface activity ofHbS differs from that ofHbA (Elbaum et 
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al., 1976). Fronticelli proposed that a slight conformational change produced by the p6Glu ➔Val 
may result in the displacement of the initial position of the A helical segment and therefore, 
displacing the original positioning of tryptophan p15, phenylalanine p71, & tyrosine p130 in 
respect to the heme iron (Fronticelli, 1978). 
Figure 33 shows two possible denaturation pathways for HbA and HbS. One pathway 
(right) involves the oxidation of the heme iron to give metHb followed by denaturation and 
hemichrome formation. We have demonstrated that at pH 7.4 the pseudo first-order rate 
constants for HbA and HbS were nearly identical over the entire osmolality range studied. 
The second pathway (left) demonstrates Hb denaturation (destabilization of globin) prior to 
heme oxidation which is followed by hemichrome formation. We found that even though the 
rate of oxidation to metHb was similar for HbA and HbS under low and high osmolality 
conditions at pH 7.4, the% hemichrome and metHb formation was quite different after a 
period of 8 hrs at low osmolalities (Figure 32). HbS was much more susceptible to 
hemichrome formation while HbA showed more metHb formation than HbS. This suggests 
that this pathway for hemichrome formation is different for HbA and HbS and that the surface 
properties ofHbS may render the molecule more susceptible to denaturation and hemichrome 
formation. 
We believe that the differences observed in HbS systems at low pH and osmolality 
values may not be responsible for excess oxidation in sickle erythrocytes. It is known that 
density-fractionated sickle cells exhibit lower pH than normal cells. However, the pH 
variations is relatively small compare to the variation we used in this studies. pH analysis of 
the densest cells indicated a pH of 7 .10 for sickle cells and 7. 17 for normal cells (Kaperonis 
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Figure 33: An illustration of two possible pathways of HbA and HbS hemichrome 
formation at pH 7.4. The pathway to the right (HbA = HbS) demonstrates oxidation of the 
heme iron to metHb prior to hemichrome formation ( denaturation). The pathway to the left 
(HbA ~ HbS) involves hemoglobin denaturation and then heme iron to give hemichrome. 
This illustrates possible differences in HbA and HbS denaturation (left) since pseudo first 
order rate constants were identical for both molecules in this study. 
OxyHb@ pH 7.4 
HbA ~ HbS HbA .= HbS 
osmolality dependent . osmolality independent 
• • 
Protein MetHb (Fe3+) 
Unfolding 
l 
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Oxidation 
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et al., 1979). When patients suffer from acidosis, the blood pH falls, but rarely falls below 
pH 7. 0 (Willatts, 1987). Furthermore, the plasma osmolality is also well regulated· to be 
around 280 - 295 mosmol/kg (Willatts, 1987). Water overload in circulation may reduce 
plasma osmolality; however, death occurs when plasma osmolality reduces to less than 210 
mosmol/kg (Willatts, 1987). Thus the molecular mechanism in excess hemichrome in some 
sickle cells is believed to be more complicated than that abnormal lipid-enhance HbS 
oxidation, as suggested earlier by Marva & Hebbel (1994). In a different study, it has been 
suggested that the copolymerization of band 3 and hemichromes in vivo may explain the 
aggregation ofHeinz bodies (Waugh & Low, 1985). 
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